Abstract. Electrical impedance myography (EIM) provides a non-invasive approach for quantifying the severity of neuromuscular disease. Here we determine how well EIM data correlates to functional and ultrasound (US) measures of disease in children with Duchenne muscular dystrophy (DMD) and healthy subjects. Thirteen healthy boys, aged 2-12 years and 14 boys with DMD aged 4-12 years underwent both EIM and US measurements of deltoid, biceps, wrist flexors, quadriceps, tibialis anterior, and medial gastrocnemius. EIM measurements were performed with a customdesigned probe using a commercial multifrequency bioimpedance device. US luminosity data were quantified using a gray-scale analysis approach. Children also underwent the 6-minute walk test, timed tests and strength measurements. EIM and US data were combined across muscles. EIM 50 kHz phase was able to discriminate DMD children from healthy subjects with 98% accuracy. In the DMD patients, average EIM phase measurements also correlated well with standard functional measures. For example the 50 kHz phase correlated with the Northstar Ambulatory Assessment test (R = 0.83, p = 0.02). EIM 50 kHz phase and US correlated as well, with R = -0.79 (p < 0.001). These results show that EIM provides valuable objective measures Duchenne muscular dystrophy severity.
Introduction
Duchenne muscular dystrophy (DMD) is a progressive neuromuscular disease that affects approximately 1 in 3000 male births [1] . Caused by mutations in the dystrophin gene that encodes a membrane structural support protein, DMD begins impacting boys at just 2-4 years of age [2] . Initially subtle weakness affecting the proximal lower extremities progresses until the child has increasing difficulty walking. By 12 years, most boys are wheelchair-bound and have limited upper extremity function; nearly all die from a combination of respiratory and heart failure before age of 30 [1] . Currently, only corticosteroids have been shown to slow the loss of function in this disease [3] . However, since the genetic basis of the disease is now well-understood, a variety of new potential treatments are being tested in clinical trials [4] . One major limitation to this testing is that the outcome measures or biomarkers used to assess drug efficacy are limited. Functional measures, such as the distance a boy can walk in 6 minutes, the 6-minute walk test, is one major measure used, but it is limited by a variety of factors [5] . New, non-invasive, methods for assessing disease status are needed. One potential method is the use of localized impedance measurements of muscle, or electrical impedance myography (EIM) [6] . Studies in other neuromuscular diseases, including amyotrophic lateral sclerosis [7] and spinal muscular atrophy [8] , have shown that EIM is sensitive to the severity of disease and can serve as a useful biomarker of disease change over time. In this study, we preliminarily evaluate the potential use of EIM in the assessment of DMD by comparing EIM data to standard functional measures in a group of DMD boys and a group of healthy boys while also assessing the relationship between EIM and ultrasonography.
Methods
A total of 19 boys, aged 2 to 12 years, mean age 7.3 years with genetically confirmed DMD and a total of 20 healthy boys, ages 2 to 12 years, mean age 7.4 years, were recruited for study at Children's Hospital Boston. The study was approved by the hospital's institutional review board; parents provided written informed consent and children verbal assent. All boys underwent functional testing, including the 6MWT, the North Star Ambulatory Assessment, and quantitative strength testing.
EIM Testing
All subjects had EIM testing of unilateral deltoid, biceps, wrist flexors, quadriceps (rectus femoris), tibialis anterior, and medial gastrocemius. EIM measurements were performed with the Imp SFB7 (Impedimed, Inc, Sydney Australia), configured with a custom-designed hand-held electrode array, based on a design that has been previously described [9] with current flow parallel to the muscles. Three different array sizes were used depending on the size of the child. Although multifrequency data were collected from each muscle, only the 50 kHz data were analyzed here for convenience sake. Additional analysis of the multifrequency data will be performed separately.
Ultrasound Measurements
Ultrasound was also performed with the Terason t3000 system (Teracorp, Inc, Burlington, MA) using a 10 MHz probe. Measurements were performed on the identical set of muscles on which EIM was performed in the identical locations were the EIM probe was placed. The ultrasound probe was placed transversely on the muscle. Single images were obtained from each muscle. The images were then downloaded into Photoshop ® (Adobe Inc, San Jose, CA) and a gray-scale analysis was performed [10] . In this analysis, a selected area of muscle was chosen from the image and a mean luminosity value measured; in disease, the luminosity increases [10] .
Data Analysis
Data was evaluated both for individual muscles and averaged over the 6 muscle examined. Unpaired t-tests and Spearman correlations were performed; significance was set at p < 0.05, two-tailed. Figure 1A provides a histogram of 6-muscle averaged EIM 50 kHz phase values for 20 healthy boys and 19 DMD boys. Figure 1B provides the same data for quadriceps alone. As can be seen there is a clear differentiation between the groups. A receiver operating characteristic analysis demonstrated EIM's ability to discriminate healthy and sick muscle with an area under the curve, or accuracy, of 98% for the 6-muscle mean EIM values. Figure 2 shows phase correlated with age with DMD and controls, respectively, revealing a gradual increase in healthy children and stability or a slight decrease with age in the DMD boys. For DMD, R = -0.30, p = 0.21; for control R = 0.59 , p = 0.008. Figure 3 shows the correlation between the mean EIM values and the North Star Ambulatory Assessment for the mean EIM data for only the DMD boys (R = 0.83, p = 0.02). Figure 4A shows the correlation between the 6-muscle mean EIM data and 6-muscle mean luminosity (R = -0.79, p < 0.001); Figure 4B shows data for quadriceps alone (R = -0.67, p = < 0.001).
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A. B. There are several limitations to this work. First, we are only looking at a relatively small group of children. Second, the impedance device and handheld array have considerable limitations in that we have to use different size devices for different children. This could be affecting our analysis to some extent and a separate study comparing the characteristics of the data obtained from the 3 different sized arrays will also need to be performed. Third, we have only evaluated one characteristic of the impedance data: the longitudinal 50 kHz phase. We have also acquired multifrequency data in both the longitudinal and transverse directions and thus much data still needs to be analyzed. It is possible that other frequencies may provide more powerful markers of disease status than these 50 kHz values. Similarly the reactance and resistance may also me useful to assess and will be analyzed as well.
In conclusion, EIM appears to be a promising marker of disease in boys with Duchenne muscular dystrophy. Further study utilizing this simple approach to disease assessment are warranted.
